Inflammation plays a vital role at different stages of tumor progression. The development of tumors is affected by inflammatory mediators produced by the tumor and the host. YKL-40/chitinase-3-like-1 protein is often upregulated in inflammation-associated diseases. With the use of chronic inflammatory disease systems, we describe the role of YKL-40/chitinase-3-like-1 protein in enhancing the inflammatory response and its implications in tumorigenesis. We also discuss how pre-existing inflammation enhances tumor growth and metastasis. In this mini-review, we highlight the effect of YKL-40/ chitinase-3-like-1 protein-associated inflammation in promoting tumor progression. J. Leukoc. Biol. 98: 931-936; 
Introduction
Inflammation has been described as one of the hallmarks of cancer [1] . Approximately ¼ of all human cancers worldwide are associated with chronic inflammation or inflammatory diseases [2] [3] [4] [5] . The inflammatory response is critical for tumor progression, as it influences many hallmarks of cancer, such as increased cell proliferation, evasion of cell death, increased angiogenesis, invasion, and metastasis [1, 6] . A majority of cancers are known to be linked to chronic inflammation, which can promote oncogenesis and influence tumor progression. Chronic inflammation and cancers are both characterized by increased inflammatory cellular infiltrates, inflammatory mediators, as well as angiogenic and extracellular matrix remodeling molecules [7] . One of the mediators that is up-regulated during proinflammatory responses is YKL-40/CHI3L1, which is expressed in the microenvironment of various solid tumors. The expression of YKL-40/CHI3L1 is also up-regulated during tumor growth, and the levels of this glycoprotein have been correlated with poor survival and prognosis in cancer patients [8, 9] . YKL-40/CHI3L1, also known as breast regression protein 39, is a member of the 18 glycosyl hydrolase gene family that contains true chitinases and chitinase-like proteins. Unlike true chitinases, chitinase-like proteins bind to chitin but do not cleave it. YKL-40/CHI3L1 is expressed and produced by immune cells, such as macrophages, neutrophils, and nonimmune cells, including fibroblasts, vascular smooth cells, and endothelial cells, among others. Stimulation with various cytokines, including IL-13, IL-6, TNF-a, and IL-1b, induces the production of YKL-40/CHI3L1. In human macrophages, YKL-40/CHI3L1 is stimulated by a key TH1 cytokine, IFN-g, but is suppressed by the TH2 cytokine, IL-4 [10] . Interestingly, our studies have shown that YKL-40/CHI3L1 downregulates the production of IFN-g in T lymphocytes [11] . As CHI3L1 is expressed by a vast array of cells, including tumor cells, it is probable that the ultimate cancer metastasis is a result of the interactions between the tumor and host tissue. These interactions could further promote inflammation, resulting in accelerated tumor growth and metastasis. Our studies that use animal models suggest that such interactions elevate CHI3L1 levels at metastatic sites and enhance metastasis, whereas CHI3L1 KO mice exhibit decreased inflammation and tumor metastasis. Although elevated serum levels of YKL-40/CHI3L1 have been found in a broad spectrum of cancers and chronic inflammatory diseases, there is no clinical evidence to date indicating that increased YKL-40/CHI3L1 expression in leukocytes at a target organ predisposes toward metastasis. Further studies are needed to clarify the clinical role of this molecule in promoting tumor growth and metastasis. In this review, we describe the role of YKL-40/ CHI3L1 in various inflammatory conditions and tumor progression by use of murine models of cancers and clinical correlations in humans.
TUMOR-ASSOCIATED INFLAMMATION
Tumors are known to have local and systemic effects. Proinflammatory molecules produced by the tumor or the host immune cells in response to tumor-derived factors can impact tumor growth, metastasis, and host survival. In the tumor microenvironment, cellular infiltration by myeloid-derived cells, macrophages, and lymphoid cells has been reported to contribute to the inflammatory response that suppresses or promotes tumor growth. Although T cells are known for their anti-tumor effects, infiltration of CD4 + T cells in renal and colorectal tumors was associated with poor prognosis. With the use of a mammary tumor model, we have shown that CD4 + T cell infiltration was associated with tumor growth and metastasis, as T cells from mammary tumor bearers produced MCP-1/CCL2 and MMP-9 [12, 13] . Lymphocytes, as immunosurveillant cells, have invasive properties and migrate from the vascular compartment to sites of inflammation by expressing MMP-9 [14] , which is up-regulated in various cancers. We have shown increased expression of MMP-9 in T lymphocytes from mammary tumor-bearing mice [12] . In assessing the clinical significance of MMPs, such as MMP-9 in melanoma patients, Lugowska et al. [15] found that serum concentrations of VEGF, MMP-2 and -9, and YKL-40/CHI3L1 were significantly higher in melanoma patients compared with the control group. YKL-40/CHI3L1 was one of the tumor-and host-derived factors that induced the expression of MMP-9 by macrophages [16, 17] .
Macrophages are the most abundant immune cell population called into the tumor site at the earlier stages of tumor progression. These macrophages orchestrate the intratumoral immune reactions that eventually lead to adverse effects. The presence of macrophages is associated with poor prognosis and survival in numerous cancer types. TAMs contribute to tumor growth and metastasis by secreting MMPs that promote extracellular matrix remodeling; angiogenic factors that increase blood vessel formation; and cytokines, chemokines, and growth factors that enhance tumor growth [18, 19] . Specifically, TAMs have been reported to produce VEGF, epidermal growth factor, basic fibroblast growth factor, platelet-derived growth factor, IL-6, MCP-1, CXCL18, CXCL12, and YKL-40/CHI3L1 [16, [20] [21] [22] [23] [24] [25] . YKL-40/CHI3L1 induces the expression of MCP-1/CCL2 and IL-8/CXCL2, which are chemoattractants for monocytes/ macrophages and neutrophils [16] . All of these factors may serve as angiogenic molecules.
The direct angiogenic signature of YKL-40/CHI3L1 in tumor development was demonstrated by both Mizoguchi's [25] and Shao's [26] laboratories. Implantation of breast cancer cell line MDA-MB-231 or colon cancer cell lines HCT-116 or SW480, engineered to express YKL-40/CHI3L1 in mice, showed increased blood vasculature compared with the control tumors [25, 26] . In other tumor models, such as breast and glioblastoma, tumor angiogenesis, and vessel density were suppressed when mice were implanted with YKL-40/CHI3L1-shRNA tumors [27, 28] . In vitro studies confirmed the angiogenic activity, as demonstrated by decreased endothelial cell migration and tube formation when human microvascular endothelial cells were exposed to YKL-40/CHI3L1 shRNA tumor cell-conditioned medium [27] . Angiogenesis is vital for tumor growth, and TAMs play a crucial role in controlling tumor angiogenesis. Xenografts of human colon cancer cells engineered to express YKL-40/CHI3L1 exhibited increased macrophage infiltration, microvessel density, and tumor growth. With the use of 4T1 and DA-3 murine mammary tumor models, Libreros et al. [11, 29] demonstrated that YKL-40/ CHI3L1 is expressed by splenic and pulmonary macrophages with a concurrent increase in tumor growth. In vivo neutralization of YKL-40/CHI3L1 by use of anti-YKL-40/CHI3L1 antibodies caused decreased blood-vessel density, production of proinflammatory mediators, and tumor growth [26, 27, 30] . More importantly, we have shown that treatment of mammary tumor-bearing mice with chitin microparticles, the natural ligand for YKL-40/CHI3L1, inhibited angiogenesis, production of proinflammatory mediators, YKL-40/CHI3L1 expression, tumor growth, and metastasis [11, 29] . In line with these findings, there was decreased primary mammary tumor growth and pulmonary metastasis with an increase in survival in YKL-40/CHI3L1 KO mice bearing mammary tumors [31] . With the use of a melanoma metastasis model, Ma et al. [32] have shown that there is decreased metastasis to the lungs in the YKL-40/ CHI3L1 KO mice. In spite of all of the evidence in the mouse models and studies correlating YKL-40/CHI3L1 expression in patients with various cancers, to date, there is no clear-cut evidence in published studies to indicate clinically that CHI3L1 is linked to inflammation-associated cancer development or metastasis. This is an area that needs further investigation by use of clinical samples to demonstrate the mechanistic role of YKL-40/ CHI3L1 in patients with cancer
ALLERGIC PULMONARY INFLAMMATION AND CANCER
The incidence of allergic asthma has been on the rise, affecting 300 million people globally each day [33] . Allergic asthma is a chronic inflammatory disorder of the airways, characterized by structural changes, including fibrosis in the lamina reticularis and adventia, mucus metaplasia, myocyte hypertrophy, and angiogenesis. Airways of asthmatics are infiltrated by various leukocyte populations, including eosinophils, neutrophils, macrophages, and lymphocytes, which contribute to airway remodeling. Upon allergen exposure, these immune cells secrete a plethora of molecules that exacerbate the inflammatory response. In addition, allergic asthma is characterized by an enhanced TH2 response, with increased TH2 cytokines at the sites of inflammation [34] . A major effector molecule in TH2 pathology is IL-13, which induces asthma-like effects, including mucus metaplasia, airway fibrosis, and airway hyperresponsiveness, in mice challenged with methacholine [35] . Furthermore, this interleukin has been shown to regulate the production of chitinase-like proteins [36] . In OVA-sensitized and challenged mice, YKL-40/CHI3L1 expression was induced in airways presenting a significant degree of inflammation [37] , which was greatly ameliorated in YKL-40/CHI3L1 KO mice.
Until recently, the physiologic receptor of YKL-40/CHI3L1 was not known. Ma et al. [32] demonstrated that a known decoy receptor of IL-13, IL-13Ra2, functions as a receptor for YKL-40/ CHI3L1. In comparing cell death of immune cells in wild-type with YKL-40/CHI3L1 KO mice, Lee et al. [37] showed increased cell death in CD4 + T cells, macrophages, and eosinophils in the KO mice, indicating that YKL-40/CHI3L1 is anti-apoptotic. In assessing the pathways that YKL-40/CHI3L1 uses to regulate inflammatory cell apoptosis, enhanced levels of total and activated PKB/AKT were shown in wild-type compared with YKL-40/ CHI3L1 KO mice.
To understand further the signaling pathways by which YKL-40/ CHI3L1-IL-13Ra2 interaction induces their effects, MAPK, ERK1/2, and Wnt/b-catenin pathways were assessed in THP1 cells. MAPK and ERK activation and the induction of nuclear b-catenin and c-fos were seen in response to YKL-40/CHI3L1, whereas there was no similar signal in YKL-40/CHI3L1 KO mice [38] . Recent studies indicated that IL-13Ra2 plays a role in melanoma lung metastasis. A comparison of WT and IL-13Ra2 KO mice showed decreased metastasis to the lungs in IL-13Ra2 KO mice [32] . He et al. [38] evaluated whether YKL-40/CHI3L1 mediated its metastatic effects via IL-13Ra2 and subsequent production of TGF-b1 using a melanoma model. Comparison of wild-type, IL-13Ra2 null, YKL-40/CHI3L1 transgenic, and YKL-40/CHI3L1 transgenic/IL-13Ra2 null mice revealed metastasis to the lungs in IL-13Ra2 null mice compared with wild-type. YKL-40/CHI3L1 transgenic mice had higher metastasis compared with the YKL-40/CHI3L1 transgenic/IL-13Ra2 null mice.
To define further the roles of the intracellular domain of IL13Ra2 in signaling events, the effects of YKL-40/CHI3L1 in cells from IL-13Ra2 KO mice that had been transfected with fulllength IL-13Ra2, constructs that lacked the intracellular domain of IL-13Ra2, and controls were assessed. It was shown that MAPK and AKT activation did not require the intracellular domain of the receptor, whereas the intracellular domain did play an important role in the activation of the Wnt/b-catenin/AP-1 pathway [38] . Furthermore, it was found that the binding region of YKL-40 between aa 22 and 357 was essential for binding to fulllength IL-13Ra2 [38] . This region is important, in that it contains a CBM. On the other hand, Mizoguchi's laboratory [39] investigated the role of CBM in the regulation of IL-8 production in colonic epithelial cells. Toward this, SW480 colonic epithelial cells were transfected with wild-type deletion mutants of the C-terminal CBM. It was found that the 325-339th residues of CBM in YKL-40/CHI3L1 are critical for IL-8 promoter activation and CXCL2/IL-8 production [39] . These studies suggest that CBM includes regions that bind to IL-13Ra2 and IL-8 promoters. However, it is possible that in addition to binding IL-13Ra2 and IL-8 promoter regions, YKL-40/CHI3L1 binds to other receptors and promoters, resulting in the production of other proinflammatory mediators.
During allergen-induced pulmonary inflammation, proinflammatory leukocytes extravasate from circulation and intravasate into the lung tissue by use of mechanisms similar to tumor cell metastasis [5, 40] . Taranova et al. [41] determined whether existing pulmonary inflammation promotes secondary tumor formation. Pre-existing inflammation augmented metastatic colonization of melanoma tumor cells by 3-fold compared with controls [41] . The inflammatory response in this model was found to be associated with CD4 + T cells, and depletion of these CD4 + T cells decreased lung metastases. The suppression of inflammation with the corticosteroid budesonide decreased CD4 + T cell recruitment and metastasis to the lung. Another study concurred with these findings in that activated CD4 + T cells from thymic stromal lymphopoietin-induced airway allergic inflammation resulted in increased tumor growth and lung metastasis [42] . It is well established that macrophages are one of the leukocyte subpopulations that contribute to enhanced tumor growth and metastasis. However, it is not known if altered cellular composition at a target site of metastasis, induced for inflammation, enhances tumor growth and accelerates metastasis. With the use of a combined mouse model of allergic pulmonary inflammation and breast cancer, our laboratory assessed the cellular composition of the lungs that could enhance metastasis. We reported that myeloid-derived cells and pulmonary macrophages are increased in the lungs of allergic tumorbearing mice. Furthermore, it was demonstrated that these are the major cellular populations that contribute to the proinflammatory microenvironment that enhances metastasis [31] . These studies show that pre-existing pulmonary inflammation enhances metastasis to the lung in mice-bearing mammary tumors. Studies by Libreros et al. [31] demonstrated that circulating levels of YKL-40/CHI3L1 are higher during tumor progression in mice with pre-existing allergic inflammation. In vitro treatment of macrophages with rYKL-40/CHI3L1 increased the expression of MCP-1/CCL2, IL-8/CXCL2, and MMP-9. It was shown that YKL-40/CHI3L1 is expressed at higher levels by macrophages in the inflamed lung before tumor cell metastasis and that these levels are further increased upon tumor cell colonization in the lungs [31] . Lee et al. [43] showed that YKL-40/CHI3L1 was induced in macrophages at sites of aeroallergen-induced pulmonary inflammation and that this inflammation was decreased in YKL-40/CHI3L1 KO mice. The decrease in inflammation was hypothesized to be a result of exaggerated expression of Fas, accelerated apoptosis of M2 macrophages, and CD4 + T cells in the YKL-40/CHI3L1 KO mice [43] . With the use of YKL-40/CHI3L1 KO mice with implanted breast tumor cells, Libreros et al. [31] demonstrated that lack of YKL-40/CHI3L1 results in decreased inflammatory response, with decreased populations of myeloid-derived cells/macrophages and decreased metastasis. These studies also showed that the cellular composition was altered during pulmonary inflammation in CHI3L1-expressing hosts. The infiltrating cells in the allergic lungs of mammary tumor bearers further enhanced the levels of inflammatory mediators. All of these studies suggest that CHI3L1 plays an important role in allergic pulmonary inflammation and that this affects the rate of metastasis to the lungs.
CHRONIC PULMONARY INFLAMMATION AND CANCER
Chronic inflammation associated with COPD has been linked to the pathogenesis of lung cancer [44, 45] . Epidemiologic studies indicate that COPD is one of the most important risk factors for lung cancer among cigarette smokers and precedes lung cancer in most cases. Smokers with COPD were shown to have a 4-to 6-fold increased risk in developing lung cancer [46] . Increased levels of macrophage and neutrophil infiltration are often found in the lungs of cigarette smokers. A more pronounced inflammatory response was observed in patients with COPD compared with smokers without COPD [47] . This response is characterized by epithelial injury, high cell turnover rates, and propagation of DNA errors [45] . Studies indicate that the inflammatory repair and remodeling processes promote epithelial-mesenchymal transition and lung carcinoma through excessive release of MMPs and growth factors. The inflammatory cellular infiltrates consisting of macrophages, neutrophils, and T lymphocytes are polarized differently in COPD and lung cancer patients [48] . Whereas pulmonary T lymphocytes are polarized toward TH1 phenotype, both M1 and M2 types of macrophages were found in lungs of COPD subjects. TH1 lymphocytes secrete IFN-g, eliciting CXCL10 chemokine from CD8 + T cells, which then induce elastase production by macrophages. Neutrophils are also attracted to the lungs by CXCL2/IL-8, released by macrophages in COPD patients. The inflammatory environment in the lungs of patients with COPD and lung cancer consists of macrophages and neutrophils. Reactive oxygen species released by these cells provide genotoxic stress, resulting in further DNA mutations and thereby, promoting tumor progression. Recent studies have shown that YKL-40/CHI3L1 plays a role in inflammatory lung diseases and that the levels of YKL-40/ CHI3L1 predict survival rate [49] . ELISA of plasma samples from patients with moderate-to-severe COPD showed high YKL-40/ CHI3L1 expression in severe COPD patients, and this was correlated with increased mortality [49] . In another study, it was demonstrated that YKL-40/CHI3L1 levels were higher in smokers with COPD than those without COPD [50] . Upregulation of YKL-40/CHI3L1 expression in the lungs of COPD patients is known to contribute to tissue inflammation, airway remodeling, and activation of alveolar macrophages [17] . YKL-40/CHI3L1 induced the expression of proinflammatory mediators, such as IL-8/CXCL2, MCP-1/CCL2, and MMP-9, as assessed by ELISA, in alveolar macrophages from smokers with COPD [17] . In addition to macrophages, YKL-40/CHI3L1 is upregulated in airway epithelial cells and alveolar type II cells in the lungs of CS-exposed mice compared with room air-exposed mice [50] . There was a significant reduction in CS-induced bronchoalveolar lavage and tissue inflammation in YKL-40/ CHI3L1 KO mice [50] . Significantly, epithelial cell apoptosis and alveolar destruction were enhanced further in the YKL-40/ CHI3L1 KO mice [50] . These findings suggest that YKL-40/ CHI3L1 is involved in preventing apoptosis in lung-related diseases. Given that the levels of YKL-40/CHI3L1 are increased in patients with COPD and as we and others have shown that YKL-40/CHI3L1 plays a critical role in tumor progression, it is possible that YKL-40/CHI3L1 contributes to COPD-mediated tumorigenesis.
IBD AND CANCER
It is estimated that ,2% of all colorectal cancers (CRCs) are inflammatory bowel disease (IBD) related. The incidence and prevalence of IBD are increasing throughout the world [51] . Furthermore, there is an increased risk of developing CRC in patients with long-standing ulcerative colitis and Crohn's disease. The increased risk of developing CRC is associated with proinflammatory polyps and progression to advanced neoplasia, whereas a macroscopically normal colon is not associated with neoplastic risk [52, 53] . Inflammation enhances epithelial turnover in the colonic mucosa, resulting in neoplastic transformation. It was demonstrated that inflammation-associated genes, such as COX-2, NOS-2, and IFN-inducible gene 1-8U, are up-regulated in inflamed mucosal areas and in CRC. Studies have also shown that activation of TLR4 enhances COX-2 expression and that increasing epidermal growth factor receptor signaling promotes CRC development [54] . Inflammation-associated cytokines, such as IL-6, IL-23, and TNF-a, also contribute to the development and growth of colitis-associated CRC. These cytokines have been shown to enhance cell proliferation, suppress apoptosis, and thereby, promote tumor development in early stages of colitis-associated cancer [55] . Inflammatory cells, such as phagocytic leukocytes, which produce prooxidant molecules, are also increased in ulcerative colitis. Such activities pave the path for CRC induction. The activation of transcription factors NF-kB and STAT-3 has been linked to cell survival and production of inflammatory cytokines [55, 56] . Tran et al. [57] showed that IL-6 and YKL-40/CHI3L1 are required for activation of STAT-3 in intraepithelial cells, which leads to YKL-40/CHI3L1-mediated NF-kB activation. Furthermore, Chen et al. [39] demonstrated that the NF-kB pathway is also activated by inflammation-induced YKL-40/CHI3L1, resulting in enhanced production of IL-8 and TNF-a. Other studies showed that YKL-40/CHI3L1-induced secretion of IL-8/ CXCL2 and MCP-1/CCL2 in SW480 colon cancer cells was mediated through the MAPK signaling pathway [25] . The production of proinflammatory cytokines and chemokines regulated by these different pathways mediates the recruitment of macrophages and enhances angiogenesis, which could promote tumor growth.
The proinflammatory molecule YKL-40/CHI3L1 was found to be required for the adhesion and invasion of pathogenic bacterial strains, such as Salmonella typhimurium and Escherichia coli, onto colonic epithelial cells [58] . Mizoguchi's laboratory [59] has shown that YKL-40/CHI3L1 is induced and expressed by colonic epithelial cells and macrophages during intestinal inflammation. YKL-40/CHI3L1 expression was assessed in ulcerative colitis patients with premalignant or malignant changes. These studies revealed increased YKL-40/CHI3L1 expression in IBD patients with dysplasias or adenocarcinomas compared with IBD individuals without dysplasia [59] . Stimulation of SW480 cancer cells with YKL-40/CHI3L1 resulted in the activation of the NF-kB pathway, leading to the production of proinflammatory cytokines [60] . These cytokines attract leukocytes that are then induced by YKL-40/ CHI3L1 to produce higher levels of proinflammatory cytokines, prolonging the inflammatory response. The infection of wild-type mice with S. typhimurium showed more severe intestinal inflammation, increased cellular infiltrates, and production of IL-6 and IL-8 when compared with YKL-40/CHI3L1 KO mice infected with this organism [57] . Other chronic bacterial infections associated with cancer are Salmonella typhi infection, which promotes gallbladder cancer [61] . Although the underlying mechanism by which S. typhi infection results in gallbladder infection is poorly understood, it is possible that YKL-40/CHI3L1 may be promoting inflammation that could contribute to tumorigenesis in the gallbladder. These studies suggest that YKL-40/CHI3L1 plays an important role in inflammationassociated neoplastic changes in colonic epithelial cells by promoting cell proliferation, migration, angiogenesis, and cell survival in tumor cells and macrophages [25] .
SUMMARY STATEMENT
Inflammation plays a pivotal role in determining the outcome of the tumor. YKL-40/CHI3L1 is induced during the course of inflammation and contributes to tumor progression. The delineation of the exact mechanisms by which YKL-40/CHI3L1 affects tumor progression could yield greater insight into how inflammation affects tumors and tumor-elicited immune responses. YKL-40/CHI3L1 may have effects on various cells that produce cytokines, chemokines, matrix degrading enzymes, and angiogenic factors that promote tumor progression (Fig. 1) . YKL-40/CHI3L1 may function as a chemoattractant, mitogenic, and antiapoptotic agent in tumor-bearing hosts. Furthermore, the promotion of pre-existing inflammation by YKL-40/CHI3L1 and other mediators may differentially affect tumor outcomes. Further studies may help us to predict the correlation between YKL-40/ CHI3L1-linked inflammation and the risk for tumor progression. AUTHORSHIP S.L. designed and aided in manuscript preparation. V.I.-C. designed and prepared the manuscript.
